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Lack of plasticity is one of the main disadvantages of metallic glasses. One of the solutions to this
problem can be composite materials. Diffusion bonding is promising for composite fabrication. In the
present work the diffusion process in glassy multilayer ﬁlms was investigated. A combination of
advanced transmission electron microscopy (TEM) methods and precision sputtering techniques allows
visualization and study of diffusion in amorphous metallic layers with high resolution. Multilayered ﬁlms
were obtained by radio frequency sputter deposition of Zr-Cu and Zr-Pd. The multilayers were annealed
under a high vacuum (105 Pa) for 1 and 5 h at 400 C, that is, well below the crystallization temper-
atures but very close to the glass-transition temperatures of both types of the glassy layer. The structural
evolution in the deposited ﬁlms was investigated by high-resolution transmission electron microscopy. It
was observed that, despite the big differences in the atomic mass and size, Pd and Cu have similar
diffusion coefﬁcients. Surprisingly, 1 h of annealing results in formation of metastable copper nano-
crystals in the Zr-Cu layers which, however, disappear after 5 h of annealing. This effect may be con-
nected with nanovoid formation under a complex stress state evolving upon annealing, and is related to
the exceptionally slow relaxation of the glassy layers sealed with a Ta overlayer.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Metallic glasses are promising structural and functional mate-
rials [1]. Owing to their disordered atomic structure, they exhibit
exceptionally high yield stress and large elastic limit [2]. However,
lack of long-range order and pronounced localization of plastic
deformation at low temperatures result in poor ductility [3].
Shear-band propagation is the main mechanism governing the
plastic deformation of metallic glasses [4,5]. Generation of multi-
ple shear bands upon deformation increases the plasticity ofov).
.
r Ltd. This is an open access articlemetallic glasses [6]. One of the ways to achieve this is the for-
mation of a composite material [7,8]. Dendrites of a soft crystalline
phase in a glassy matrix obstruct the propagation of the shear
bands and also cause them to branch. However, it is hard to
control the formation of the crystalline phase upon casting, and
there is only a limited variety of suitable alloy compositions that
form composites with the required structure upon quenching.
Glass/glass composites experience the same problem of structure
control as crystalline/glass ones [9]. Another solution for com-
posite preparation can be sintering of a powder mixture [10].
However, powders usually have a surface native oxide which de-
grades the sintering ability. Oxide layers also introduce weak
zones into the resulting bulk sample, giving poor resistance to
crack propagation upon plastic deformation. Bonding of glassyunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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[12,13], electron-beam [14,15] and friction [16] welding.
Long-term low-temperature diffusion bonding might be helpful
in composite fabrication. Diffusion in metallic glasses became a
topic of wide interest after the discovery of interface reactions
between certain crystalline metallic ﬁlm layers which lead to for-
mation of an amorphous phase [17,18]. Interdiffusion in glassy
multilayers revealed a dependence of the diffusion coefﬁcient on
the layer thickness and the composition of the glass [19,20]. Various
aspects of diffusion in metallic glasses have been summarized by
Faupel et al. [21].
However, since those studies, structure-imaging techniques and
knowledge about the structure of metallic glasses have made huge
steps forward. Moreover, in recent years the concept of diffusion
bonding attracted new interest. It was shown that this method
works quitewell for bondingmetallic glasses to each other [22] and
to pure metals [23,24]. Recently, there have also been attempts to
simulate diffusion inmetallic glasses [25,26]. It was also shown that
magnetron sputter deposition can lead to the formation of metallic-
glass multilayers with the interlayer interface having a mixture of
immiscible atoms such as Fe and Cu and this interface widens upon
annealing at elevated temperatures [27].
In 1947, Smigelskas and Kirkendall [28] reported on zinc diffu-
sion in brass. It was found that, due to the different diffusion rates
of copper and zinc, the interdiffusion interface moves from its
original position. This was and is an excellent example of vacancy-
mediated diffusion. One of the side effects of the asymmetric
diffusion is the formation of pores during the diffusion process [29].
The size and amount of the pores can be controlled by controlling
the temperature and duration of annealing. Having no long-range
order and, therefore, no vacancies, it is unclear if the Kirkendall
effect can be used to create controlled porosity in metallic glasses
which could be favorable for improving the mechanical properties
[30]. The size and amount of pores can play an important role for
the plasticity of metallic glasses. A high amount of pores results in
deterioration of the yield strength of the material. Voiding was
found during interdiffusion in Zr-Ni amorphous multilayers [31];
however, there have been no further reports of this effect in
metallic glasses.
In the present work, two alloy systems, namely Zr-Cu and Zr-Pd,
were chosen as typical examples of ‘hard’ and ‘soft’ bondedmetallic
glasses [32,33]. ‘Hard’ and ‘soft’ bonding reﬂects the structure of the
atomic bonds in the system. ‘Hard’ bonding in comparison to the
‘soft’ shows small or no difference of the sum of atomic radii for
atomic pairs from the sum of Goldschmidt radii in corresponding
crystalline compounds and can be viewed as a system of hard
spheres. Chosen glass-forming systems are binary, which simpliﬁes
the studies of the diffusion. Atomic radius and mass are signiﬁ-
cantly different for Cu and Pd; therefore, mobility and diffusivity of
these atoms are expected to be different as well. Here, we present a
thorough investigation of atomic diffusion in multilayer metallic
glassy ﬁlms, where the layers contain elements with large differ-
ences in atomic size, mass, and diffusivity and show that modern
high-resolution transmission electron microscopy (HRTEM) can be
used as a universal and powerful tool to conduct such
investigations.
2. Results and discussion
Fig. 1a shows a cross-sectional view of an as-deposited Zr-Pd/Zr-
Cu multilayered ﬁlm obtained by transmission electron microscopy
(TEM). The periodic structure of the ﬁlmwith a bilayer thickness of
60 nm is clearly visible in the bright-ﬁeld (BF) image mainly
because of the difference in atomic numbers of Cu (Z ¼ 29, lighter
layers) and of Pd (Z ¼ 46, darker layers). One can also observeprotective Ta cap layers on both sides of the multilayer ﬁlm (Fig. 1a,
black stripes).
The structure of the as-deposited multilayer is amorphous.
However, there is a small amount of slightly dark spots in the Cu-Zr
layers. HRTEM images reveal that some of these spots contain
nanocrystals (NCs). One can clearly see crystalline lattice fringes on
the HRTEM image and corresponding spots on the fast-Fourier-
transform (FFT) pattern (Fig. 1c, region 1). In contrast, no NCs were
found in the Zr-Pd layers (Fig. 1c, region 3). The crystallite size is
very small (1e2 nm) and the diffraction pattern corresponds to
pure fcc Cu. The sputtering conditions possibly allowed fast atomic
surface diffusion of the lighter copper upon deposition and for-
mation of NCs near the edges of the Zr-Cu layers. The number of
these NCs in the as-deposited multilayered ﬁlm is very small (only
one was found in Fig. 1a), and they were found only in Zr-Cu layer
(Fig. 1a).
The annealing was conducted after deposition in the sputtering
chamber under high vacuum (105 Pa). The conditions were as
follows: T ¼ 400 C, t ¼ 1 h and 5 h. The temperature was chosen to
be high enough to activate diffusion and at the same time to not
crystallize the ﬁlm. The crystallization behavior of these particular
Zr-Cu and Zr-Pd ﬁlms was not studied in the present work, and it is
unknown how it can be inﬂuenced by the layered ﬁlm structure
and the limited thickness of the layers. It is known that ribbons of
Zr65Pd35 crystallize in two stages: a quasicrystalline phase pre-
cipitates ﬁrst and subsequently transforms to Zr2Pd and Zr phases.
The crystallization temperature (Tx) of the Zr-Pd amorphous alloy
in the present work (Zr62Pd38, at.%) should not differ signiﬁcantly
from that of Zr65Pd35 which is 500 C for melt-spun ribbons [34].
The crystallization behavior of ribbons and ﬁlms was found to be
very similar. Glassy ribbons of Zr54Cu46 crystallize at about
Tx ¼ 440 C [35,36]. DC-sputtered ﬁlms of the same composition
have a crystallization temperature Tx ¼ 445 C. Therefore, the
chosen annealing temperature of 400 C is less than the crystalli-
zation temperatures of the ﬁlms of both compositions. It also very
close to the glass-transition temperature Tg of both alloys
(Tg¼ 403 C for Zr54Cu46 [36] and Tgz 420 C for Zr62Pd38 [34,37]).
Annealing the layered ﬁlm for 1 h leads to nucleation of Cu NCs
(Fig. 2). Diffraction patterns do not show any intermetallic com-
pound formation. Interestingly, nucleation of these NCs takes place
close to the center of the Zr-Cu layers (Fig. S4b). The NCs form large
agglomerates of more than 5 nm in size. The size of the individual
NCs is 1e1.5 nm. As in the as-deposited state, no crystallizationwas
found in the Zr-Pd layers.
After 1 h of annealing one can ﬁnd bright spots in the high-angle
annular dark-ﬁeld (HAADF) images of the Zr-Cu layers. An
enhanced atomic order is observed in these zones which corre-
sponds to the scattering from copper NCs (Fig. 3b). Cu NCs are
thermodynamically unstable in the Zr-Cu system with around 1:1
concentration ratio and dissolve upon further annealing. No
contrast variation from copper NCs can be found in the TEM image
after 5 h of annealing (Fig. 3c). However, it is also possible that after
5 h of annealing the copper NCs are less visible because of the
redistribution of the elements and a general increase of the ﬁlm
density due to structural relaxation of the amorphous ﬁlm. Analysis
of the distribution of spots showed that number of spots increases
from layer close to the substrate toward the layer close to the sur-
face (see Supplementary Materials Fig. S4b). This can be the sign
that excess volume migrates to the surface of multilayer during
annealing. In each individual Zr-Cu layer, most spots are near the
center of the layer (Fig. S4c).
As observed by TEM, the Ta layers are polycrystalline and do not
show structural changes during annealing. As the multilayer was
deposited on a silica substrate the diffusion of Si into Ta is difﬁcult.
Our compositional study by energy-dispersive X-ray (EDX) did not
Fig. 2. BF TEM image of an as-deposited Zr-Pd/Zr-Cu multilayered ﬁlm after 1 h of annealing together with an HRTEM image and an FFT pattern (inset) of the Zr-Cu layer
(designated region 1). The diffraction rings correspond to the 2.06 ± 0.04 Å e fcc Cu(111) (2.06 Å) and 1.80 ± 0.04 Å e fcc Cu(002) (1.79 Å) planes. Green lines are used for visual
separation of the different ﬁlm layers. TEM, transmission electron microscopy; BF, bright-ﬁeld; FFT, fast-Fourier-transform; HRTEM, high-resolution TEM.
Fig. 1. a) BF TEM cross-sectional image of an as-deposited Zr-Pd/Zr-Cu multilayered ﬁlm (substrate is on the left side of the image); (b) high-resolution TEM (HRTEM) image; and (c)
fast-Fourier-transform (FFT) patterns from different regions (marked by numbers: 1 and 2 in a Zr-Cu layer, and 3 in a Zr-Pd layer). Lines are used for visual separation of the different
ﬁlm layers. The ﬁgure also contains a magniﬁed HRTEM image of region 1 in the TEM image. The crystalline reﬂections in the FFT pattern from region 1 (2.04 ± 0.04 Å) correspond to
fcc Cu(111) (2.06 Å). TEM, transmission electron microscopy; BF, bright-ﬁeld.
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structure.
The formation of the Cu NCs also was conﬁrmed by
EDX mapping analysis of the Zr-Cu layers (Fig. 4). Thenanocrystalline zones formed after 1 h of annealing that are
observed in the HAADF images clearly correspond to the
copper-enriched zones in the EDX maps (marked by arrows in
Fig. 4).
Fig. 3. High-angle annular dark-ﬁeld (HAADF) images: as-deposited ﬁlm (a), after 1-h
annealing (b), after 5-h annealing (c). Darker regions correspond to Zr-Cu, brighter
regions to Zr-Pd. Left part of the images is closer to the substrate.
S.V. Ketov et al. / Materials Today Advances 1 (2019) 1000044The interdiffusion between Cu-Zr and Pd-Zr layers as well as its
evolution upon low-temperature annealing was evaluated using
EDX studies. It is clearly seen that the boundary between the layers
becomes wider upon annealing (Fig. 5). Analysis of the distribution
proﬁles of Pd and Cu shows that both species diffuse across the
interface of the ﬁlm layers, whereas the distribution of the Zr atoms
does not change much.
Right after deposition, the Zr-Pd and Zr-Cu regions in the HAADF
images contain a lot of contrast ﬂuctuations (Fig. 3a). These ﬂuc-
tuations can be connected with density variation under the con-
dition that the thickness of the electron-transparent foil does not
vary signiﬁcantly (see Suppl. Fig. S1). The contrast variations
disappear after annealing because of the relaxation of excess vol-
ume, giving a more homogeneous distribution of the atoms. One
can also see that the initially large variations of the composition
proﬁles smoothen after the annealing (Fig. 5).Fig. 4. EDX mappings and corresponding HAADF images of the ﬁlm before and after annealin
annular dark-ﬁeld.To investigate the changes in the atomic structure of the
amorphous multilayers upon annealing, we used a reduced radial
distribution function (RRDF) analysis of the HRTEM images. Square
areas with an edge size of 3.0 nm, randomly distributed on the
HRTEM images, were chosen to build the diffraction patterns of the
Cu-Zr and Pd-Zr layers by FFT after different annealing times. The
RRDF curves were calculated by running the Digital Micrograph
script RDF TOOLS [38]. For each annealing time, we prepared the
TEM sample separately, and therefore, the general peak intensity of
the RDF curves cannot be compared directly. However, this fact
does not inﬂuence the positions of the peaks and the relative peak-
intensity distributions. The calculated atom-atom bond lengths are
shown by the vertical lines in Fig. 6(a) and (b). These lengths in the
ﬁrst coordination shell were calculated as a sum of the Goldschmidt
metallic radii of the corresponding atoms [39]. One can see that the
RRDF of the Zr-Pd layer does not change much upon annealing
(Fig. 6a). Interestingly, the ﬁrst peak position moves closer toward
Zr-Zr and Zr-Pd bond lengths. This can be interpreted as a chemical
bond evolutionwhere the system tries to rearrange its structure for
crystallization of the Zr2Pd phase which is stable at such compo-
sition and conditions. The splitting of the second peak indicates
enhanced ordering in the glass due to relaxation.
The RRDF of the Zr-Cu layer after deposition (Fig. 6b) is very
similar to those obtained from synchrotron X-ray and neutron
studies of ribbons of the same composition [40]. Annealing for 1 h
changes the structure of the Zr-Cu layers signiﬁcantly (Fig. 6b).
Here, we calculated two RRDFs from different regions of the layer:
one was taken from a region with NC and the other from a fully
amorphous region. For regions with copper crystals, the ﬁrst peak
splits and the Cu-Cu peak becomes more pronounced. Annealing
for 5 h results in disappearance of the NCs and the Cu-Cu peak is
less intense, whereas the Zr-Zr shoulder of the ﬁrst peak intensiﬁes.
As the multilayer ﬁlms are deposited under the same conditions
and only differ by the annealing time, one can use nanoindentation
measurements to investigate the inﬂuence of annealing on ﬁlm
hardness. The apparent hardness and the indentation elastic
modulus (E) of the multilayers increase with longer annealing time
(Table 1). This behavior can be explained by both an increase of
internal stresses as well as general structural relaxation of the ﬁlm,
while there is still some contribution from the top Ta cap and the
oxide layer on top of it.
Diffusion in metallic glasses differs from that in crystals (Fig. 7).
There are no distinct vacancies in metallic glasses, and diffusion is a
result of local cooperative atomic motion (Fig. 7b) [21].
The diffusion rate strongly depends on the amount of excess
volume stored in the glass [41], and for unrelaxed glasses, the
diffusion coefﬁcient decreases with time [42]. In multilayer thing. Copper NCs are marked by arrows. EDX, energy-dispersive X-ray; HAADF, high-angle
Fig. 5. Averaged chemical composition distribution curves: as-deposited ﬁlm (a), after 1-h annealing (b), after 5-h annealing (c).
Fig. 6. Reduced radial atomic distribution functions (RRDF) for (a) the Zr-Pd and (b) the Zr-Cu layers. NC, nanocrystal.
Table 1
Results of nanoindentation tests of the multilayer ﬁlms.
Sample treatment E (GPa) Apparent hardness (GPa)
As-deposited 111 ± 2 8.0 ± 0.2
After 1 h of annealing 112 ± 3 8.9 ± 0.4
After 5 h of annealing 118 ± 3 10.0 ± 0.6
S.V. Ketov et al. / Materials Today Advances 1 (2019) 100004 5ﬁlms, the conﬁnement also can play a signiﬁcant role. It was found
that, on one hand, covering of metallic glasses by a ﬁlm containing
heavy atoms can hinder the relaxation of metallic glass and pre-
serve excess volume in the amorphous ﬁlm [43] which might
enhance initial diffusion. On the other hand, changes happening at
the interface may change the thermodynamic potential driving the
diffusion and increase the atomic stress level inside the ﬁlm layers.
Both of these parameters have a detrimental effect on diffusion[19,44]. The analysis of the distribution proﬁles of copper and
palladium in the present work (see Supplementary materials)
shows that they have similar diffusion coefﬁcients (Table 2) and the
diffusion slows with increasing annealing time.
The diffusion coefﬁcients even at such high annealing temper-
atures are signiﬁcantly lower than those found for bulk diffusion of
Co and Ni in Zr-based BMGs (~1018 m2/s) [21]. However, the values
are comparable with that calculated for Ni in Zr-Ni thin ﬁlms for the
same ﬁlm thickness [19]. However, the annealing temperature in
our experiments was much higher, and therefore, diffusion is
exceptionally slow in this case. In the present work, Zr and Pd are
large and heavy atoms with low diffusivity, and in general, Cu
atoms upon diffusion into Zr-Pd layer indeed should leave some
pseudovacancies and small voids behind. However, owing to the
physical constraints, diffusion of copper into Zr-Pd is limited. It may
be partly connected to the effect of Tawhich in analogy withW [43]
Fig. 7. Schematic illustration depicting diffusion of blue atom in an ordered crystal via vacancy mechanism (a) and in amorphous binary material by atomic collective motion (b).
Dotted circles show the ﬁnal position of the atoms and arrows show the movement direction.
Table 2
Diffusion coefﬁcients calculated (Suppl. Fig. S5) from the concentration proﬁles from
Fig. 5.
Element D, m2/s
0e1 h 1e5 h
Pd 1.2  1021 8.8  1023
Cu 1.4  1021 9.0  1023
S.V. Ketov et al. / Materials Today Advances 1 (2019) 1000046covers the surface and does not allow the excess free volume to sink
easily, only to redistribute inside the sample, although the ends are
not covered.
Here, we should mention the other element that always can be
found in sputtered ﬁlmsdargon. In the present work, it was the
working gas in the sputtering process. Irradiated crystalline mate-
rials can trap helium inside the bulk, and upon annealing, the he-
lium bubbles that form then act as nucleation sites for nanovoid
growth by draining the vacancies from the surrounding area
[45,46]. In the present work, the tantalum cap and the difference in
the compositions of the glassy layers act to conﬁne the system, not
allowing effective relaxation, thus trapping the excess volume in
the ﬁlm layers. It is proposed that the trapped Ar atoms serve as
nucleation sites for nanovoids which grow via attracting excess
volume while relaxing the glass.
Molecular dynamics (MD) simulations show a similar behavior
(Fig. 8). For these studies, Zr50Cu50 glass wasmodeled. A porewith a
radius of 2 nm was placed inside the glass, and then the glass was
annealed at near the glass-transition temperature Tg, under ﬁxed
container walls to simulate the constrained conditions.
One can notice that the pore radius grows upon annealing from
2 nm to 2.5 nm and copper tends to segregate on the surface of the
pore. The annealing temperature is quite high, but the diffusion is
still too slow and takes a lot of calculation time for the MD simu-
lation. Therefore, we could not observe the crystallization of the
copper on the surface of the pore. The amount of copper after 60 ns
of simulation in the surface layer increased to 87 at.% (see
Supplementary materials). We believe that further simulation for
longer times would lead to the surface crystallization of the copper.
A similar copper segregation was reported to take place in the
surface layer of Zr-Cu-Al glass [47]. It is also commonly observed in
nanoglasses [48]. Interestingly, the pore closes and the copper
enrichment dissolves after the removal of the constraints. Theformation of these pores initially promotes internal self-diffusion
and fast relaxation of the glass. However, such small voids are
unstable, and on latter stages, they disappear. Formation of the
copper crystals on the surface of the voids reduces the visibility of
the voids in TEM due to their high order and high diffraction
intensity.
In conclusion, interdiffusion between Zr-Pd and Zr-Cu layers in
multilayered glassy ﬁlm has been studied in the present work. The
layers of both compositions retain their amorphous structure even
at the annealing temperature of 400 Cwhich is close to their glass-
transition temperatures. During annealing, interdiffusion of both
copper and palladium between the layers was observed, whereas
the mobility of zirconium atoms remains low. The calculated
diffusion coefﬁcients of Cu and Pd are very close to each other and
decrease with increasing annealing time. No void formation
distinguishable by HRTEM was found in the multilayered ﬁlms.
Annealing for 1 h results in the formation of agglomerates of pure
copper crystalline nanoclusters which dissolve at longer annealing
times. This ﬁnding is associated with the complex stress state
evolution and relaxation of the multilayers. We could not observe
void formation in the ﬁlm layers. Segregation and crystallization of
copper on the surface of the voids reduces their visibility due to the
high diffraction intensity of the ordered copper. The formation of
such voids and crystalline agglomerates can be beneﬁcial for
improving the plasticity of metallic glass/glass composites. We also
demonstrate that aberration-corrected HRTEM images can be used
to extract the RRDF curves of the particular chosen zones ofmetallic
glasses with high resolution unachievable by any other methods.
This allows extraction of information on the changes in the local
atomic structure of amorphous materials.
3. Methods and materials
Films with a layered structure were deposited on fused silica
substrates. The deposition was performed by radio
frequency magnetron sputtering in high purity (99.9999%) under
Ar atmosphere. The initial pressure in the chamber was 3 104 Pa.
The sputtering Ar pressure was 4 Pa. Sputtering power was 100 W.
Sputtering was performed from two pure Zr targets (99.9%) with
sheet-shaped pieces (thickness of about 1 mm) of Cu and Pd on top
of them and Ta (99.9%) target. Multilayers were obtained by
rotating the substrate from one target to another and subsequent
Fig. 8. MD simulation results of the behavior of a pore in constrained Zr50Cu50 metallic glass: (a) 0 ns, (b) after 60 ns near Tg. Here, red and blue spheres represent Cu and Zr atoms,
respectively. The black lines are a guide for the eyes to evaluate the pore size. MD, molecular dynamics.
S.V. Ketov et al. / Materials Today Advances 1 (2019) 100004 7deposition. Substrate size was about 20  20 mm2. The ﬁlms con-
sisted of 5 layers of each composition with a thickness of the single
layers of about 30 ± 1 nm. To protect the ﬁlms from oxidation and Si
diffusion, a tantalum cap (around 20 nm in thickness) was sput-
tered as the ﬁrst and last layers without breaking the vacuum
(Fig. 9). EDX spectroscopy analysis revealed that the compositions
of the layers (at.%) are Zr54Cu46 and Zr62Pd38, respectively. The
composition measurement has an error of ±1 at.%. X-ray diffraction
with Cu Ka characteristic radiation showed that the ﬁlms were fully
amorphous. The multilayer ﬁlms were annealed at 400 C inside
the deposition chamber under vacuum for 1 and 5 h. As-deposited
and annealed ﬁlms were subsequently subjected to extensive TEM
investigations.
The nanoindentation tests were conducted on a Hysitron Tri-
boscope system (Bruker, Billerica, MA, USA). The transducer was
mounted on the scanner head of a Digital Instruments D3100Fig. 9. Schematic view of the multilayer and TEM sample which is shown in Fig. 1. Here
not all layers are drawn. TEM, transmission electron microscopy.device (Bruker). A diamond cube corner indenter was used for the
measurements. Its area function was calibrated using a standard
fused silica sample. A set of indentations, starting with a linear
ramp up to the maximum load within 2 s, followed by holding the
maximum load for 10 s, and ﬁnally unloading to zero load within
2 s, was performed. The maximum load for each sample was varied
between 400 and 12000 mN. The fast loading and unloading se-
quences were chosen to minimize the inﬂuence of thermal
instrumental drift, and the duration at the maximum load was
chosen to minimize the inﬂuence of creep during unloading. The
indentation depth for hardness calculations was chosen to be
50 nm. Hardness and elastic modulus were determined using the
standard methods [49].
TEM studies were carried out with a Titan G2 60e300 (FEI, The
Netherlands), equipped with a high-brightness ﬁeld-emission
gun and Cs image corrector. The estimated spatial resolution is
about 0.08 nm at 300 kV. Images were acquired with a Gatan
US1000 CCD camera. A dual-beam (ion beam and electron beam)
system (FEI Helios 450) was used to fabricate the cross-sections of
the samples. The EDX experiments were performed with an EDX
RTEM (EDAX) detector using a probe size of around 0.5 nm. The
electron-energy-loss spectroscopy (EELS) experiments were per-
formed with a postcolumn high-resolution energy-ﬁltering spec-
trometer (Gatan) to obtain the thickness of the area of interest from
zero-loss spectrum imaging. The beam conditions of the micro-
scope for EELS imaging and spectroscopy were deﬁned to obtain a
probe-size of 0.2 nm, with a convergence semiangle of 10 mrad and
a collection semiangle of 12 mrad.
In the present study, the atomic RRDFs of the samples were
directly calculated from the FFT patterns of the HRTEM images. Cs
image correction allows extraction of information on the atomic
structure evolution of amorphous materials from any area of in-
terest, for instance nanoscale layers of different materials or small
regions with agglomerating NCs. To obtain a clear FFT pattern, the
thickness of the TEM sample must be less than 40 nm. Square areas
with an edge size of 3.0 nm, randomly distributed on the HRTEM
images, were chosen to build by FFT the diffraction patterns of the
Cu-Zr and Pd-Zr layers after different annealing times. The aver-
aging has been performed for 10 areas. The control of the sample
S.V. Ketov et al. / Materials Today Advances 1 (2019) 1000048orientation relatively to the beam position was performed by
following the protocol of the lamella preparation. The TEM spec-
imenwas extracted from the sample perpendicular to the surface of
the substrate by focused ion beam milling, placed, and ﬁnally
milled on the TEM grid keeping the orientation of the specimen as
parallel as possible to the plane of the grid. A ﬁnal check was per-
formed by tilting the sample inside the TEM column using the
sharp interface between polycrystalline Ta layer and Si oxide sub-
strate as a reference.
The effect of pressure on the process of crystal dissolution in the
Zr64Cu36 metallic glass was analyzed by MD simulations using the
code LAMMPS [50]. No suitable interatomic potentials are available
for the Zr-Cu-Pd system; hence, we selected the Zr50Cu50 compo-
sition because for this composition a reliable FinniseSinclair type
potential developed by Mendelev et al. exists [51]. The simulated
specimen was generated as follows: ﬁrst, a metallic-glass cubic cell
containing 8000 atoms was produced by quenching from the melt
to 850 K with a cooling rate of 1010 K/s. A cubic sample with di-
mensions 11  11  11 nm3 was then created by replicating the
initial glass cubic cell, giving a total number of atoms of about
64000. A spherical pore with a radius of 2 nmwas placed inside the
glassy cubic cell. Periodic boundary conditions were applied along
all three directions. The size of the cell was kept constant during the
simulation. The atomic structure during relaxation was investi-
gated using Common Neighbor Analysis calculated by the OVITO
analysis and visualization software [52].
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